A metamaterial that capitalizes on a double porosity architecture is introduced for controlling broadband acoustic energy suppression properties. When the metamaterial is subjected to static compressive stress, a global rotation of the internal metamaterial architecture is induced that softens the effective stiffness and results in a considerable means to tailor wave transmission and absorption properties. The influences of mass inclusions and compression constraints are examined by computational and experimental efforts. The results indicate that the mass inclusions and applied constraints can significantly impact the absorption and transmission properties of double porosity metamaterials, while the appropriate utilization of the underlying poroelastic media can further magnify these parametric influences. Based on the widespread implementation of compressed poroelastic media in applications, the results of this research uncover how internal metamaterial architecture and constraints may be exploited to enhance engineering noise control properties while using less poroelastic material mass.
I. INTRODUCTION
Suppressing structure-and fluid-borne acoustic waves has been a recurring motivation for numerous researchers in recent decades. 1 Because noise is often a pollutant to human health, 2 the desire to be isolated from unwanted acoustic energy has stimulated efforts to develop structures and materials with ever greater capabilities to suppress acoustic wave travel over a wide frequency range and without strict reliance upon the mass law. 3 The variety of systems devised to achieve these challenging goals is diverse. Considering several examples, mass-spring vibration neutralizers are shown to be effective for wave control in narrow frequency ranges near resonances, 4 metallic periodic structures may be designed for wide and deep bandgaps in elastic wave transmission, 5 while internal resonating lattice structures provide vibration absorption phenomena at targeted frequencies. 6 Because a minimum penalty of added mass is desirable to enhance wave attenuation for many engineering contexts, the more notable added mass incurred through the concepts surveyed above poses potential concern.
Motivated by such lightweighting demands, researchers have intently studied the acoustic absorption and transmission properties of porous media such as poroelastic foams. 1 Efforts have revealed increased wave absorption by rigid mass inclusions in foam layers, 7 and have found that arrangements of periodic resonant inclusion arrays may further enhance acoustic wave attenuation. 8, 9 In addition, the mass inclusion shapes tailor the natural frequency, 10 which correspondingly tune the absorption properties. 7 These studies reveal a large influence of the solid mass inclusions on the ability of the material system to attenuate acoustic waves, albeit at the cost of heavier noise control solutions.
Interestingly, introducing a second manifestation of porosity into a porous material may improve absorption coefficient under certain circumstances by the removal of mass, particularly when the pores are parallel to the wave propagation direction. [11] [12] [13] [14] Detailed studies of double porosity poroelastic layers have revealed the roles of multi-layering and variation of the porosity in order to modify sound attenuation properties, such as by leveraging periodic void patterns. 15 Indeed, similar periodic void patterns are shown to be critical toward the collapse of elastic metamaterials under compressive loads or constraints, [16] [17] [18] even potentially yielding large elastic 19 and vibroacoustic 20 energy dissipation characteristics. Geometric constraints and compression are regularly applied to poroelastic materials in practice, 11 which suggests that double porositybased metamaterials may exhibit compression-dependent acoustic properties, possibly resulting in a means to tailor the significance of acoustic energy dissipation. Moreover, the numerous observations that mass inclusions in bulk poroelastic materials can manipulate the acoustic wave attenuation characteristics indicate that the incorporation of mass inclusions in double porosity materials may be another avenue for controlling wave energy transfer.
Considering the aforementioned works, there is a clear opportunity to advance fundamental understanding of double porosity metamaterials by exploring the roles of constraints and mass inclusions on governing the acoustic wave attenuation properties. Therefore, in this research we study a model metamaterial that integrates principles of double porosity, constraint and collapse, and internally resonant mass inclusions to establish a deep knowledge on the opportunities realized at the intersection. Because each feature has individually been shown to be influential toward tailoring the absorption and transmission characteristics of metamaterials, the hypothesis of this research is that the integration of mass in and constraint on double porosity metamaterials may introduce new potential for the manipulation of acoustic characteristics such as absorption coefficient, transmission loss (TL), and force transmissibility (FT). Moreover, due to the advantages of reduced mass for material systems intended to suppress wave propagation, this research provides an assessment of how significantly additional mass inclusions contribute to the wave attenuation properties.
This report is organized in the following parts. Section II describes the design and fabrication steps undertaken to realize the double porosity metamaterial architecture and inclusions. After a mechanical properties characterization in Sec. II A, the results of experimental FT evaluations are presented in Sec. III A to exemplify significant means to control the passage of broadband elastic wave energy via the new double porosity metamaterials. Computational and experimental results of absorption coefficient and TL characteristics of the metamaterials are then presented in Secs. III B, III C, and III D in order to assess the roles of constraint and mass inclusion on such properties. Next, a finite element (FE) study is presented in Sec. III E to examine the intricate influences of added mass and applying constraint within different poroelastic materials that compose the metamaterial architecture. Finally, discussions and conclusions are provided in Sec. IV to summarize the findings.
II. DESIGN AND FABRICATION OF METAMATERIAL SPECIMENS
For a two-dimensional (2D) porous structure with periodic circular voids and constant cross section through a thickness dimension, it is known that a volume-fraction in the range from 0.4 to 0.6 results in negative Poisson's ratio in a compressed, collapsed state that is associated with buckling of the periodic topology via global rotational deformation. 17 Inspired by such outcomes, this research creates a double porous metamaterial (referred to as MM) geometry as seen in Fig. 1(a) . The geometry may be regarded as an extrusion of a 2D periodic porous frame, such that the cross section is constant through the extruded thickness. When compressed to small extent, the structure exhibits a rotation pattern shown in Fig. 1(b) . To fabricate the MM, first a 50.8 mm thick polyurethane foam (Foam Factory, Inc., Macomb, MI) is shaped in a laser cutter (Full Spectrum Laser H-Series 20 Â 12, Las Vegas, NV) into a rectangular cross section 64 Â 80 mm 2 with periodic circular voids of diameter 10 mm, arrayed in a square grid having seven and four voids in the horizontal and vertical spans, respectively. The center-to-center distance between circular voids is 12.7 mm. For purposes of later applying compression constraints in the impedance and TL tube experiments, a 6 mm diameter half-cylinder is cut into each rectangular piece, along the vertical dimension of the photograph in Fig. 1(a) . The purpose of the center hole composed from these two half-cylinders is emphasized in Sec. III C. Two such pieces of poroelastic and architected foam are then bonded together with a sufficient but not excessive quantity of spray adhesive. Then, the resulting metamaterial specimen is shaped into a cylinder of 80 mm diameter using a bandsaw, as shown in Fig. 1(a) . The 80 mm diameter of the specimen is selected so as to be compatible with the acoustic experiments of this research that take place in rigid wall tubes of internal diameter 77.5 or 79 mm, thus, providing for a mild amount of needed circumferential compression.
The metamaterial specimens with mass inclusions are fabricated in similar ways. When shaped in the laser cutter, in addition to the void pattern described above, voids of diameter of about 3 mm are also cut, arrayed in a grid 6 Â 3 in horizontal and vertical spans, respectively. Into these voids are placed aluminum (McMaster-Carr, 8974K21, Ohio) or steel (McMaster-Carr, 89535K43, Ohio) rods cut in lengths to match the corresponding extrusion dimension. A metamaterial with steel inclusions (MM-S) is shown in Fig.  1(c) , while metamaterial specimens with aluminum inclusions (MM-A) have identical cross-section geometry. A side view of MM-S is provided at the bottom left of Fig. 1(c) to emphasize that the rod inclusions promote a lateral contraction, the influences of which are discussed in Sec. III D. Minor deviations in specimens' shapes exist due to tolerances of the laser and bandsaw shaping processes that are not suspected to significantly impact the experimental results. The rotational behavior of the compressed MM is exemplified in FE model results shown in Fig. 1(d) , in agreement with the experimental observation Fig. 1(b) . Full computational modeling details are provided in Sec. III B.
A. Mechanical properties
To examine the mechanical properties of the metamaterials, load frame experiments are conducted (Mark-10 ES20 frame, New York, PCB 1102-05A load cell, New York, Micro-Epsilon ILD 1700-200 laser displacement sensor, Ortenburg, Germany). Three metamaterials and a sample of the bulk foam, of the same overall 80 mm diameter and 64 mm height, are tested (sampling frequency 256 Hz). Multiple cycles of compression and release are applied prior to recording data in order for the specimens to obtain a repeatable seat position in the load frame mounts. Figures 1(e) and 1(f) show force-and stiffness-displacement results of bulk, MM, MM-A, and MM-S specimens. It is clear that bulk foam is stiffer than the metamaterials, such as shown in Fig. 1 (f) around displacement 1 mm. A trend of reduced stiffness for increased force, a softening effect, is observed for both bulk foam and metamaterials. As highlighted by the shaded areas in Figs. 1(e) and 1(f), area 1 corresponds to a compression displacement range where the deformation remains relatively linear with finite one-dimensional material stiffness. In contrast, for the area 2 as labeled in Figs. 1(e) and 1(f), the compression range induces nonlinear softening stiffness behaviors for the specimens, associated with collapse either of meso-or microscale pores in the specimens. Yet, the explanations for such softening stiffness features are distinct comparing bulk and metamaterial specimens. For open-cell polyurethane foam, the microscale structure itself buckles under moderate compression giving rise to a softening stiffness trend. 21 In Fig. 1(f) , the reduction of the stiffness associated with the buckling of the bulk specimen occurs around 2 mm displacement. In contrast, for the metamaterials the mesoscale geometry rotates according to a collapsing phenomenon, as shown in Fig. 1(b) , which occurs around 1 mm in displacement because the stiffness begins to reduce near this compression region. In addition, the collapsing metamaterial exhibits negative Poisson's ratio, seen comparing Figs. 1(a) and 1(b), as well as much less stiffness than the bulk foam for smaller compression constraints. Such significantly different tailoring of mechanical properties for the same compression sequence indicates that the metamaterials may cultivate more substantial control over acoustic wave propagation characteristics.
III. ADAPTING BROADBAND ACOUSTIC ENERGY ATTENUATION CHARACTERISTICS A. FT experimental methods and results
Having established a comparison of the mechanical properties, the dynamic responses are then investigated. Considering the low frequency dynamic response, 22 the adaptation of FT is evaluated according to different mass inclusions and compression constraints. Thus, these experiments characterize the elastic wave propagation through the specimens of finite specimens under long wavelength excitation conditions, where the wavelength is significantly greater than the specimen dimensions. The experimental setup to characterize the FT is schematically shown in Fig. 2 (a) with a corresponding photograph in Fig. 2(b) . A broadband noise signal is delivered to a vibration controller (Vibration Research VR9500, control accelerometer PCB 333B40, New York) after which the signal is amplified (Crown XLS-1500, Elkhart, IN) so as to drive an electrodynamic shaker (LDS V408, Naerum, Denmark). Two force transducers (PCB 208C01, New York) are mounted upstream of and downstream from the specimen, which is held between force expanders that apply a uniformly distributed force over the specimens, as shown in Fig. 2 . Data from the transducers is recorded with a sampling frequency of 8192 Hz, while 60 transfer functions (TFs) are averaged from the bandpass filtered data to compute each linear FT TF. This significant amount of data and thorough averaging is anticipated to yield statistically viable data for the specimens examined.
To study the influence of static compression, each metamaterial specimen is evaluated under three conditions of static compression between the force expanders. The dynamic forces delivered from the shaker are therefore centered around such static compression states. Compressed states of about 3 and 6 mm are considered, in addition to a negligibly compressed state, which is termed "uncompressed" hereafter. The shaker location is manually adjusted to achieve these displacement changes, which necessitates the approximate compressed states nominally around 3 and 6 mm. Because a minor amount of compression is required to hold the specimen between the force expanders when subjected to the dynamic force, no truly uncompressed state may be evaluated. For the bulk foam specimen, due to its much higher stiffness compared with metamaterials, static compressions of about 0.6 and 1.1 mm are provided, in addition to the effectively uncompressed state. The local linear stiffnesses of all specimens when constrained under such static displacements are shown in Fig. 1(f) . For the bulk specimen, it is seen from Fig. 1 (f) that the system operates under a pre-buckling regime for both compressed configurations, while all of the metamaterials are in slightly and moderately post-buckled configurations (with very low stiffness) when subjected to compressions of about 3 and 6 mm. Figure 3 presents the FT for the four specimens according to the frequency and for the three cases of static compression. From Fig. 3(a) , it is found that the TF increases almost uniformly across the frequency range for the bulk foam once compressed. For instance, around 800 Hz, the TF for the foam when compressed by 1.15 mm is about 5 dB greater than the TF when uncompressed at the same frequency. This dB difference corresponds to more than three times change of force amplitude. In addition, from about 50 to 260 Hz the TF for the bulk foam increases by $1 dB due to the same compression, which is relatively small at any given frequency but statistically significant due to its occurrence over such a broad range of low frequencies.
In contrast to the bulk foam for the three metamaterials the TF results shown in Figs. 3(b)-3(d) reveal that the compressed configurations exhibit reduced TF, which is especially clear from about 50 to 400 Hz. For instance, the MM-A undergoes a uniform decrease in TF of about 1 to 3 dB in this frequency range. In fact, these outcomes appear similar to an increase in broadband damping by virtue of increased static compression. Because the double porosity metamaterials may undergo a buckling and collapse behavior, associated with the rotation behavior shown in Figs. 1(b) and 1(d) around compressed states of 1-3 mm, the static stiffness reduction seen in Fig. 1(e) corresponds to a hypothetical increase in damping properties. This is similar to the "hyperdamping" phenomenon examined in recent research on elastic metamaterials for impact and vibroacoustic energy control 19, 20, 23 where damping is amplified when structural or material systems are loaded near a critical point. Thus, the increased compression range considered here statically strains the metamaterials toward smaller and smaller stiffness, and thus nearer to a critical point, which increases effective damping properties and reduces broadband FT. Although the absolute levels of the broadband TF reduction are not extraordinarily large, the wide range of frequencies across which the reductions occur in a uniform way emphasize the statistical significance of the phenomenon.
Studying the TF results in further detail, using the À30 dB noise floor lines in Fig. 3 as reference, it is seen that the TFs for the bulk foam, MM, MM-A, and MM-S approximately reach this level, respectively, around 1200 Hz, 900 Hz, 480 Hz, and 400 Hz. As Figs. 3(c) and 3(d) show, the TFs of MM-A and MM-S have similar behavior in TF from about 600 to 1500 Hz, and similarity is also observed by comparing Fig. 3(b) and Figs. 3(c) and 3(d) for the MM and MM-A/S, respectively, from 1200 to 1500 Hz. These similarities occur after each specimen reaches the À30 dB TF level following rapid declines of the TF in the frequency range around 200-600 Hz. The À30 dB level is so small that it approaches the noise floor for measurement. Consequently, the similarities observed among the TFs for MM, MM-A, and MM-S specimens once the levels reach the À30 dB line may be associated with the experimental setup of the force expanders mounted to the up-and downstream force transducers. Because reduction of the TF level corresponds to less elastic wave energy transfer, it is seen that MM-S in Fig.  3(d) provides the best broadband wave energy absorbing ability, regardless of the static compression level. In addition, the MM-S results in a more rapid decline of the TF level for the same increase in the frequency, when compared to the roll-off rate of the bulk foam and other metamaterials in Figs. 3(a)-3(c) . Yet for both the MM-A and the MM-S, the significant suppression of elastic wave energy by the introduction of mass, when compared to the bulk foam and MM, is readily explained by the principles of vibration isolation. 24 In other words, the mass inclusions result in a reduction of the lowest order mode eigenfrequency associated with bulk motion of the interior metamaterial architecture. On the other hand, the reasons for why the MM provides enhanced, broadband reduction of force transmission compared to the bulk foam are more intricate. One explanation is that the double porosity of the metamaterial results in effective masses and springs associated with the remaining poroelastic foam after shaping, 18 A set of such effective masses and springs are highlighted with solid and dotted outlines, respectively, in Fig. 1(a) . Thus, the shaping process leads to reductions in local metamaterial stiffness (i.e., the effective springs) so that resonant-like phenomena are possible due to the remaining mass. The full details regarding such enhanced, broadband elastic wave energy suppression provided by the new MMs remain part of ongoing study. Fig. 4(c) , the MM has the smallest overall TF, which is explained from the narrowband data of Fig. 3(b) that the magnitudes of the lowest frequency modes of TF are less than the other specimens. Compared to the attenuation achieved by the bulk foam in this low frequency range of 62.5-250 Hz, the uncompressed MM attenuates the TF by 4 dB more than the uncompressed bulk foam does. And for the compressed conditions of the two specimens, the TF of the MM is 8 dB less than the bulk foam. For the higher frequency range of 250-1000 Hz, the compressed MM-S reduces the transmitted force by 8.26 times more than the reduction provided in the uncompressed state. Interestingly, the MM-S is the only specimen that provides a cumulative TF from 250 to 1000 Hz that is negative in dB, indicating that the MM-S has the ability to attenuate broadband vibroacoustic energy while the compression enhances this capability by about 3 dB. Although the MM-A has smaller narrowband TF than the MM over the frequency range 400-1200 Hz as shown in Fig. 4(b) , these two specimens yield similar cumulative FT in the range 250-1000 Hz, seen in Fig. 4(d) . This is explained because the TF values around 250 Hz and 400 Hz are similar between them, and due to the logarithmic nature of the dB scale the cumulative sum over 250-1000 Hz is weighted to the large FT contribution from the larger-valued quantities. As it pertains to deploying such double porosity metamaterials in practice, overall energy passed through the metamaterials is of relevance for many applications. As a result, it may be concluded from these experimental results that the MM and MM-A provide comparable broadband FT reduction from 250 to 1000 Hz, while the MM achieves this with 88% less mass than the MM-A.
B. Computational modeling of absorption coefficient and TL
The influence of static compression levels on the acoustic properties of the double porosity metamaterials is then examined. As shown and discussed in Secs. III C and III D, the boundary conditions of the specimens are critical toward the conclusions drawn from the resulting acoustic properties data. Because it is easier to achieve the ideal boundary conditions for the bulk foam specimen since it does not contract when compressed, only the metamaterials-which contract by negative Poisson's ratio-are hereafter considered to assess TL and absorption coefficient in order to provide a fair comparison. 2D plane strain FE models (COMSOL Multiphysics, Stockholm, Sweden) are constructed using poroelastic and acoustic physics for accurate characterization of the coupled physical domains. The models are created to either compute TL or absorption coefficient. To account for the statically compressed configurations, a stationary model, which is statically compressed by 6 mm, is created to obtain the compressed geometry, which is then provided to the acoustic characterization models, similar to the method described in Ref. 9 . The parameters used to model polyurethane foam are listed in Table I . Young's modulus and density are determined empirically, while the remaining parameters are identified from available literature regarding similar foam materials. 25 In the TL FE models, areas of air (in the 2D plane strain system) are modeled on the incoming and outgoing sides of the specimen whose cross-sectional geometry is modeled exactly, according to the incoming normally incident unit-valued plane wave excitation P in , as shown in Fig. 5(a) . A perfectly matched layer is appended to the other side of the outgoing air region to simulate anechoic termination. For metamaterial specimens, the double porous voids in the cross-sectional areas are modeled as air domains. Following the frequency domain study, the averaged pressure P out is measured on the outgoing surface of the air layer at each frequency, so that the TL is computed using TL ¼ 20 log
In the FE model used to compute the absorption coefficient, a normally incident unit-valued plane wave P in travels through a region of air so as to impinge on the specimen, which is terminated with a fixed boundary on the side opposite to the incident wave, as shown in Fig. 5(b) . The complex average sound pressures X and Y are, respectively, computed at each frequency at the locations of the virtual microphones 1 and 2 indicated in Fig. 5(b) , which simulate the experimental microphones locations. The complex TF is computed at each frequency using
where "*" denotes the complex conjugate. The complex reflection coefficient R is then determined from
where k is the wavenumber, S is the distance between mics 1 and 2, and l is the distance from mic 2 to the upstream surface of the specimen. Consequently, the absorption coefficient is computed by
For both FE models, the specimen boundaries are allowed to slide only in the sides parallel to the direction of wave propagation. This boundary condition is challenging to mimic in practice, as discussed in Secs. III C and III D, although it is the ideal boundary condition realization according to the testing standards.
C. TL FE and experimental results
Experiments of TL are carried out alongside the FE studies. The ASTM E2611-09 (Ref. 26 ) is followed using a TL tube of 77.5 mm internal diameter, four microphones (PCB 130E20, New York), and with the two load method using open and anechoic end terminations. The schematic is shown in Fig. 5(c) . White noise is generated by the data acquisition computer and then fed through an amplifier (AudioSource AMP 100, Oregon) to a source speaker at the incoming side of the TL tube setup. The sampling frequency for data is 65 536 Hz, while the digitally filtered data from 40 to 3000 Hz are then used with 80 averages employed for each TL computation. To statically compress the specimen within the tube, two pieces of thin and highly perforated acrylic are made by laser cutting, as presented in Fig. 5(e) at left. Then, the acrylic pieces are applied to the incoming and outgoing sides of the specimens and connected together through the interior laser cut center cylinder, pointed out by the arrow in Fig. 5(e) , using an elastic band. By stretching the band to different extents, uniform static compressions are realized. The acrylic pieces are slightly smaller than the internal diameter of the tube so as to not interfere with the boundary conditions of the specimens. By their design, all specimens are slightly compressed circumferentially in the tubes in order to prevent direct leakage of sound around the specimens under ideal circumstances. For uncompressed conditions, the acrylic pieces and elastic band are also applied although the band is not stretched, so as not to compress the specimen. The uncompressed condition of the MM using the acrylic pieces and elastic band is shown in Fig.  5(f) . By use of the elastic bands, the compression constraints are equal stress rather than equal displacement, where the latter approach is realized in the FT experiments. In the acoustics experiments of compressed conditions, a static compression of around 2 mm is applied, while the circumferential constraint on the specimen introduced by the tube increases the effective compression on the metamaterial specimens to a value closer to 6 mm. Consequently, in the FE model a 6 mm compression is applied. Fig. 6(a) , the FE model predicts that the mass inclusions enhance the TL from about 50 Hz to 600 Hz, as seen considering the MM-A (solid) and MM-S (dashed-dotted) to the MM (dotted). Interestingly, the TL frequency dependence is not greatly affected whether the mass inclusion is aluminum or steel. When the metamaterials are compressed, the Figs. 6(a) and 6(b) show that the narrowband reduction of TL around 700 Hz shifts to higher frequencies, shown by the arrows in the figures. This outcome agrees with the influence of compression on the TL of glass fiber based materials that were considered on practical grounds. 11 In the experimental results of Figs. 6(c) and 6(d) , the narrowband reduction of TL for the MM-A and MM-S is also increased in frequency due to compression, in agreement with the FE model results. The solid arrow in Figs. 6(c) and 6(d) highlights the change in this frequency range of reduced TL for MM-S, which shifts from around 1100 Hz to 1700 Hz due to compression. A similar outcome occurs for MM-A but due to the higher frequencies involved with respect to the cut-off of the TL tube, the reduction in TL for the compressed MM-A in Fig.  6(d) exists beyond the frequencies that may be measured.
While there is reasonable agreement in the computational and experimental results of TL for the MM, considering all parts of Fig. 6 , the agreement is not as strong between the FE and experimental findings for MM-A and MM-S at lower frequencies, such as around 50-500 Hz. Indeed, it has been established that ideal boundary conditions are challenging to realize for TL measurements, 27, 28 and idealized computational models do not take into account such circumstances. Further discussions to compare the computational and experimental findings are provided at the end of Sec. III D. Figure 7 (a) consolidates the FE uncompressed (dotted), FE compressed (dashed-dotted), experimental uncompressed (dashed), and experimental compressed (solid) TL results for the MM. The FE model predicts that TL increases from around 2.0 to 4.5 dB over the frequency range considered, while the measured increase is around 2.3 to 5.5 dB. Narrowband reductions in the TL occur in the FE results, and the compression induces an increase in the frequency of this feature, shown by the solid arrows in Fig. 7(a) . The same trend of compression on the TL provided by the MM is observed experimentally, highlighted by the dashed arrows, albeit at higher frequencies overall. While the FE model predicts a slight and uniform increase of the TL across the whole bandwidth due to compression, the experimental measurements only uncover increased TL from around 400 to 1000 Hz in consequence to the compression. Overall, both the computational and experimental results indicate that compression primarily tailors the TL in the frequency range around 100 to 1000 Hz, clearly revealing that the double porosity metamaterial acoustic characteristics may be tuned by static pre-compression in a frequency region of significance for many applications.
D. Absorption coefficient FE and experimental results
Acoustic waves incident upon a finite-dimensioned impedance interface are either reflected or absorbed, in the general use of the latter term. Having studied the roles of compression on the TL properties of the double porosity metamaterials as a finite and open-backed material layer, the absorption coefficient of the same specimens with fixedback is then studied to characterize energy loss according to the internal dissipation mechanisms. Experiments are conducted using an impedance tube, schematically shown in Fig. 5(d) , with two microphones (PCB 130E20, New York), and in accordance to ASTM E1050-12. 29 The remaining excitation and data processing features of the TL experiments are replicated in the absorption coefficient examinations, excepting the TF computations. 29 The results of determining the absorption coefficient a from experiment and FE simulation are shown in Fig. 8 . The FE results indicate, as shown in Fig. 8(a) , that the mass inclusions primarily cause an increase of a from about 700 to 1600 Hz when compared to the MM. Also, the MM-A provides slightly greater a than MM-S in the narrowband reduction area around 600 Hz for both uncompressed and compressed conditions in Figs. 8(a) and 8(b) . The peaks of a around 1300 Hz do not shift significantly due to static compression, as indicated by solid arrows in Figs. 8(a) and 8(b) . Experimentally, the results in Figs. 8(c) and 8(d) agree well with the FE outcomes, and plainly reveal that MM-A yields higher a from about 400 to 1000 Hz for both uncompressed and compressed conditions. In addition, a direct comparison of FE predictions of a and the corresponding measurements for the MM is shown in Fig. 7(b) . The assessment indicates that the FE model captures the overall measured trend of the absorption coefficient, albeit with a slight frequency shift that may be due to imperfectly known material properties.
Interestingly, the MM-A leads to greater broadband TL and a than MM-S, as indicated in Figs. 6 and 8, which is surprising in light of the mass law. 3 A possible explanation is that this phenomenon is related to the different resonance characteristics of the MM-A and MM-S. Considering the metal rods to be masses, and the polyurethane foam around the masses as equivalent springs, as highlighted in Fig. 1(c) , a first approximation of a lower order global-vibration mode of the metamaterial with mass inclusions suggests that the MM-A may resonate around 100 Hz, while the MM-S may resonate at approximately half of this frequency, based on the relative mass increase. As a result, potential resonancebased enhancements to the TL and a measurements may be more prominent for the metamaterial with aluminum inclusions and steel inclusions since the frequency range associated with these resonances is more fully within the range of frequencies able to be measured in the impedance and TL tubes used here. Indeed, similar results are shown in other work 9 where lightweight polypropylene mass inclusions in polyimide foam yield greater absorption coefficient than steel mass inclusions of the same volume, while the theme of broadband damping growth due to resonant inclusions in damped metamaterials has similarities to the reported "metadamping" phenomenon. 30 Comparing the FE and experimental results of Figs. 6-8, there are discrepancies that are caused by the challenges of circumferentially constraining the metamaterial specimens. The periodic pattern of circular voids in the metamaterial foam introduces negative Poisson's ratio, which laterally contracts the MM, MM-A, and MM-S specimens when compressed in their vertical dimension, using the orientation shown in Figs. 1(a), 1(b) , and 1(c), respectively. It is observed that inserting the metal rods into the foam introduces additional lateral contraction for MM-A and MM-S, as exemplified in Fig. 1(c) at bottom left. These influences result in the potential that the metamaterial specimens are not able to touch the impedance or TL tubes fully around their circumference. Such factors have been the focus of numerous prior studies where the circumferential constraint 26, 27, 29 and the shear resonance associated with stiff polyurethane-like foams in TL tubes 31 have been shown to adversely affect measurements of absorption coefficient and TL, particularly at frequencies less than about 1000 Hz. It is evident that discrepancies between the model and experimental results are likely due to these influences, especially for the MM-A and MM-S specimens. It is also possible that the 2D plane strain FE model oversimplifies the extruded three-dimensional (3D) geometry considered experimentally. Nevertheless, the overall trends of tailoring the TL and a characteristics of the double porosity metamaterials by the varied static compression are evident in both the computational and experimental measurements, encouraging the further pursuit of how this concept may be best leveraged.
E. FE study on polyimide metamaterials
Polyurethane foam dissipates considerable acoustic energy when compared to other acoustic materials. 25, 32 Thus, tailoring the properties by compression on a double porosity metamaterial created from polyurethane foam may be challenging due to the large inherent dissipation. To explore the capability to control the wave energy absorption and transmission characteristics by compression on a double porosity metamaterial composed of a less dissipative media, the FE model is leveraged using poroelastic material properties identified for polyimide foam, 9 and is listed in Table I . The absorption coefficient FE results are shown in Fig.  9(a) . By comparing the uncompressed MM (dotted) and MM-A (dashed-dotted) in Fig. 9(a) , it is seen that the mass inclusions cause notable increase in a across the frequency bands 50-500 Hz and 1000-2000 Hz. For much of the low frequency region, the a of the uncompressed MM-A is much greater than the a of the uncompressed MM. For instance, at 300 Hz, the a of uncompressed MM-A is 0.386, and is 0.286 greater than the a of uncompressed MM, which is 0.124, as shown in Fig. 9(a) . In addition, the compression upon the MM (dashed) causes the absorption trends to shift almost uniformly to higher frequencies compared to the MM without compression, which is a similar outcome to constraint upon the polyurethane foam-based MM, Fig. 7(b) . Although the same influence of compression on the MM-A in Fig. 9(a) is revealed as that for the MM, a more meaningful interpretation is that the overall absorption coefficient for MM-A is reduced due to the compression, since over the whole bandwidth evaluated in Fig. 9(a) , the uniform frequency shift is equivalent to a uniform level reduction.
An entirely different influence on the TL by the static compression is observed in the FE predictions shown in Fig.  9(b) . Namely, the uncompressed MM-A (dashed-dotted) has a TL that is uniformly and significantly larger than the TL of the MM (dotted), in fact almost 10-12 dB greater over 50-400 Hz, and approximately 5-10 dB greater from 400 to 2000 Hz. These changes are considerable in the perspective of engineering noise control and human sensitivity to sound, 33 suggesting that mass inclusions serve to strongly enhance the TL of the double porosity metamaterial. Moreover, applying compression to the MM-A further enhances TL in the frequency range of 50-1500 Hz. Thus, the choice of poroelastic media for the double porosity metamaterials plays a large influence on the effectiveness of tailoring the wave propagation properties via mass inclusions and compression constraints.
IV. CONCLUSIONS
This research introduced and examined a double porosity metamaterial that tailors acoustic wave energy propagation characteristics by virtue of strategic mass inclusions and compression constraints. It is shown that acoustic properties of absorption coefficient and TL characteristics are not significantly influenced by the presence of a static compression added to the incident wave field on the double porosity metamaterials, although mass inclusions may provide significant and uniform enhancement of the TL. On the other hand, these characteristics are found to be functions of the underlying poroelastic media that composes the metamaterial. For instance, less absorptive media (polyimide foam) are more strongly affected by the compression and mass inclusions than strongly absorptive media (polyurethane foam). In elastic wave propagation experiments, it is seen that the FT is greatly reduced in the low frequency bandwidth by compression applied to the double porosity metamaterials, while similar compression slightly enhances the transmitted force through bulk foam. At higher frequencies, the analogy of the metamaterials as vibration isolators is clear because heavier metamaterials containing mass inclusions provide large and broadband suppression of transmitted force. Compared to prior investigations of resonant inclusions within damped metamaterials, 30 the results of this report reveal that elastic and acoustic wave damping can be enhanced across broad bands of frequencies by utilizing only compression and double porosity, i.e., the MM specimen, while pronounced attenuation of higher frequencies waves may be provided by additional resonant inclusions. These outcomes demonstrate that effective combination of poroelastic material, internal architecture, compression constraints, and embedded mass provide valuable means for controlling acoustic wave propagation characteristics, which may find application in vibration and sound absorbing contexts.
